Follicular lymphomas (FLs) account for 35-40% of all adult lymphomas. Treatment typically involves chemotherapy combined with the anti-CD20 monoclonal antibody (MAb) rituximab (RTX). The development of the type II anti-CD20 MAb obinutuzumab (GA101) aims to further improve treatment. Here, using FL cells we show that RTX and GA101 display a similar activity on RL cells cultured in 2D. However, 2D culture cannot mimic tumor spatial organization and conventional 2D models may not reflect the effects of antibodies as they occur in vivo. Thus, we created a non-Hodgkin's lymphoma (NHL) 3D culture system, termed multicellular aggregates of lymphoma cells (MALC), and used it to compare RTX and GA101 activity. Our results show that both antibodies display greater activity towards FL cells in 3D culture compared with 2D culture. Moreover, we observed that in the 3D model GA101 was more effective than RTX both in inhibiting MALC growth through induction of (lysosomal) cell death and senescence and in inhibiting intracellular signaling pathways, such as mammalian target of rapamycin, Akt, PLCgamma (Phospholipase C gamma) and Syk. Altogether, our study demonstrates that spatial organization strongly influences the response to antibody treatment, supporting the use of 3D models for the testing of therapeutic agents in NHL.
INTRODUCTION
Follicular lymphoma (FL) is the second most common type of B non-Hodgkin's lymphomas (NHL) and makes up 40% of all adult lymphomas. Although the prognosis of FL is variable, most patients with aggressive forms of FL (with a high FLIPI (Follicular Lymphoma International Prognostic Index) score) ultimately die from their disease and median survival is 5-8 years. 1 In recent years, impressive progress has been made in the treatment of NHL, mainly due to combining chemotherapy with rituximab (RTX), a monoclonal antibody (MAb) directed against the membrane-associated CD20 antigen.
Considerable efforts to characterize the mechanisms underlying the de-regulation of B-cell functions in NHL have identified the involvement of B-cell receptor components, various kinases such as Btk, Syk and PKC, as well as canonical pathways, including PI3K (phosphoinositide-3 kinase)/Akt or nuclear factor-kappaB modules. [2] [3] [4] [5] [6] Signaling induced by RTX treatment involves raft microdomains and causes activation or inhibition of several pathways responsible for apoptosis or proliferation/survival (for reviews, see Bonavida 2 and Bezombes et al. 3 ). Moreover, the efficacy of RTX is believed to involve antibody-mediated mechanisms of action such as complement-dependent cytotoxicity and antibody-dependent cell cytotoxicity through Fcg receptor-expressing cells, such as NK cells, gd T lymphocytes and macrophages. 7, 8 Although significant advances have been achieved using RTX in both progression-free and overall survival, a significant number of cases remain incurable and patients develop RTX-refractory disease. Thus, novel anti-CD20 antibodies have been developed such as obinutuzumab (GA101), a glycoengineered type II CD20 antibody that induces enhanced antibody-dependent cell cytotoxicity and direct cell death compared with RTX. Unlike type I antibodies, type II antibodies do not translocate CD20 into raft microdomains and display less complement-dependent cytotoxicity than type I antibodies. [9] [10] [11] GA101 also induces a non-apoptotic cell death involving homotypic adhesion, lysosomal permeabilization, cathepsin release and production of radical oxygen species (ROS). 12, 13 Phase I/II trials of GA101 have shown promising activity, and it is currently being studied in several pivotal trials in indolent NHL, diffuse large B-cell lymphoma and B-cell chronic lymphocytic leukemia. 14, 15 Like most carcinomas, NHL grow as spherical tumors. Based on carcinoma 3D models (often described as spheroids), it is acknowledged that spatial organization may profoundly affect tumor cell behavior as important functions are dictated by the collective properties of a cell population rather than those of a single cell. These include growth, metastasis, cell-to-matrix and cell-to-cell interaction, as well as intracellular signaling and resistance to anti-tumor agents or even immune escape. [16] [17] [18] [19] Spatial organization can exert these effects in cancer cells by 18, 19 or influencing major signaling pathways, such as those driven by mitogen-activated protein kinase, Akt and oncogenic products, such as HER-2. 20 More importantly, spatial organization is known to influence the response to antibodies, such as Trastuzumab or Pertuzumab. 20, 21 Conventional 2D NHL cell culture models do not reflect the true effects of antibodies as they occur in vivo and may be of limited use. Thus, we recently created a NHL 3D culture system, the so-called multicellular aggregates of lymphoma cells (MALC) model, using a modification of the 'hanging drop' method. 22 This model is useful for evaluating tumor sensitivity to antibodies as diffusion/distribution is different within a solid 3D tumor. 23 Here, we sought to examine and compare the effects of GA101 and RTX in our 3D MALC model to gain a better understanding of the differences between these antibodies and to assess our model as a tool for effective in vitro studies into MAb efficacy.
MATERIALS AND METHODS

Cell lines and MAbs
RL were obtained from the American Type Culture Collection (ATCC), Rockville, MD, USA, Raji from the ATCC and DEAU were kindly provided by Pr Delsol (CRCT, INSERM U1037, Toulouse, France). These cell lines were cultured at 37 1C in humidified 5% CO 2 atmosphere in a complete RMPI medium.
MALC preparation
MALC were obtained by the hanging drop method. 22 Briefly, drops (20 ml) of 10 4 RL, DEAU or Raji cells (day 0) in complete medium enriched with 1% methylcellulose (MethoCult H4230, StemCell Technologie, Grenoble, France) were placed onto the lid of a 24-well plate, which was then inverted over a plate containing 1 ml of medium. Hanging drop cultures were incubated for 24 h at 37 1C in 5% CO 2 . In parallel, a layer of 1% agarose (Life Technologies, St Aubin, France) in classical medium was added to another 24-well plate and stored for 24 h at 4 1C. After 24 h, the resulting cellular aggregates were transferred to the agarose plate and cultured at 37 1C in 5% CO 2 . MAbs were applied to the initial drop and every 5 days thereafter.
MALC volume was calculated using the formula
(where L is the longest diameter and l is the shortest diameter).
Morphology was visualized after Hoechst33342 (Invitrogen, Life Technologies) staining. MALC were incubated with Hoechst33342 (10 mg/ml) for 10 min at 37 1C in a CO 2 incubator.
Pictures were taken with a fluorescent inverted microscope Nikon Eclipse TE200 (Nikon, Champigny Sur Marne, France) at magnification Â 40.
Viable cell number was determined by counting cells on a Malassez hemocytometer (D. Dutscher, Brumath, France) using the trypan blue exclusion method.
RL lymphoma xenograft
A total of 10 Â 10 6 RL cells were subcutaneously injected into the right flank of SCID-Beige mice, according to the INSERM Animal Care and Use Committee-approved protocol. When tumor volumes (TVs) reached 100 mm 3 , the mice were divided into three groups of 8-10 animals. Phosphate-buffered saline (PBS)-, RTX-or GA101-treated groups were injected intraperitoneally twice a week with 25 mg/kg MAb. Tumor burden was measured three times per week with a caliper, and TV calculated using the formula (TV ¼ (length Â width 2 )/2). Animals were killed when the TV reached 2000-2500 mm 3 ; tumor weight was measured at this time point. Tumors were embedded in paraffin and processed for immunohistochemistry labeling as described below.
Immunohistochemistry labeling
Immunostaining was performed using an automated stainer (Benchmark XT; Ventana Medical Systems, Tucson, AZ, USA). Antibodies directed against active anti-caspase 3 (R&D Systems, Lille, France), Ki67 (Abcam, Cambridge, UK), laminin and fibronectin (Sigma-Aldrich, Lyon, France) were used. After overnight incubation, sections were incubated with the avidin-biotin-peroxidase complex (Vectastain ABC kit, Clinisciences, Nanterre, France) followed by the 3,3 0 diaminobenzidine chromogen solution and were then counterstained with hematoxylin. Negative controls were incubated in buffered solution without primary antibody. ) and object separation according to a 10-pixel distance between the center points of the two objects. These settings allowed the automatic segmentation of the detected objects and the measurement of the number of detected objects per mm 2 . Statistical analyses were performed on individual raw data using unpaired t-tests to compare the MAb-treated group to the PBS-treated group. Values are expressed as mean ± s.e.m. Po0.05 were considered statistically significant.
Collagen I detection by second-harmonic generation FL lymph nodes or cells were embedded in tissue-freezing media and frozen at À 80 1C. Then 5-mm sections were cut on a cryostat at À 20 1C. The slides were mounted in Fluorescence Mounting Medium (DAKO). Collagen detection was performed using a two-photon microscope 7MP upright microscope (Zeiss). Excitation light was provided by a Chameleon Ultra II Ti:Sapphire laser (Chameleon Ultra, Coherent Inc., Palo Alto, CA, USA) tuned to 830 nm. The average laser irradiation after the microscope objective was measured with an Ultracompact Laser Power Meter (New Focus Corp., Irvine, CA, USA), which ranged from 0.5 to 2 mW. The secondharmonic generation images were detected through a bandpass filter SP 485 (collagen emission, Semrock, Rochester, NY, USA). Images were acquired using a Â 40 oil immersion objective (NA ¼ 1.4, Plan-Apochromat; Zeiss). All images were acquired with standardized conditions for gain and offset (brightness and contrast). Unprocessed images were analyzed using the Region Measurements function of the Metamorph software (Universal Imaging, Downingtown, PA, USA), which calculates the integrated fluorescence intensity for the entire image.
For FL patient studies, institutional ethical approval from Inserm U1037 and informed consent were obtained in compliance with the Helsinki protocol.
Western blot analysis MALC were dissociated with mechanical force in PBS. Cells were then washed with cold PBS and lysed in cytobuster protein extraction reagent (Novagen, Merck, Nottingham, UK) containing a protease inhibitor cocktail (Sigma-Aldrich). Western blot analyses were performed as previously described 24 using antibodies against laminin, fibronectin, vitronectin Apoptosis detection MALC were dissociated as described above, and 10 5 cells were washed with cold PBS and resuspended in Binding Buffer 1X (BD Biosciences, Le Pont de Claix, France) at 1 M/ml. In all, 5 ml Annexin V-PE (phycoerythrin) and 5 ml 7AAD (7-aminoactinomycin D; BD Biosciences) were added for 15 min at room temperature in the dark, and then apoptotic cells (Annexin V þ /7ADD À ) were detected on a LSR II flow cytometer (BD Biosciences).
Lysosomal permeability detection
A total of 10 5 cells from dissociated MALC were incubated with 5 mM acridine orange (Molecular Probes, Invitrogen, Life Technologies) for 15 min at room temperature in the dark. Cells were then washed twice with PBS and analyzed with LSR II flow cytometer.
Senescence-associated beta-galactosidase (SA-bgal) activity detection
To measure SA-bgal activity, we used the fluorogenic substrate C 12 FDG (Invitrogen). 25 In all, 4 Â 10 5 cells from dissociated MALC were pretreated with 100 nM bafilomycin A for 1 h at 37 1C 5% CO 2 to induce lysosomal alkalinization and increase the internal pH of lysosomes to pH 6. C 12 FDG (33 mM) was then incubated for 2 h, after which the medium was removed. MALC were dissociated, cells were washed twice with PBS and analyzed with a LSR II flow cytometer.
Intracellular phosphospecific flow cytometry
Intracellular phosphospecific flow cytometry was performed as previously described. 26, 27 A total of 10 6 cells from dissociated MALC were fixed with BD Cytofix fixation buffer (BD Biosciences) for 10 min at room temperature. Cells were washed with wash buffer (BD Biosciences) and permeabilized with Perm Buffer III (BD Biosciences) for 30 min at 4 1C. Cells were washed, resuspended in cold 50% perm buffer III and mixed. Then either Cell Barcoding Dye 450 (BD Biosciences) at various concentrations (prepared according to the manufacturer's instructions) or dimethyl sulfoxide were added and incubated for 30 min at 4 1C. Cells were then washed and resuspended in a residual volume. Encoded samples were split equally into FACS (fluorescence-activated cell sorter) tubes for parallel stainings. Conjugated phosphospecific antibodies were added to each tube of cells for 30 min at room temperature. Antibodies against Akt-Alexa488, P-Akt(T308)-PE, P-Akt(S473)-Alexa647, Syk-FITC, P-ZAP70/Syk(Y319/Y352)-Alexa647, Phospholipase C, gamma 2 (PLCg2)-PE and P-PLCg2(Y759)-Alexa647 were all obtained from BD Biosciences. At least 50 000 events from each gated condition were collected and analyzed using a LSR II cytometer.
Mitochondrial depolarization assay
To evaluate the status of DC, we used a lipophilic fluorochrome JC-1
with the mitochondrial membrane potential detection kit (BD Biosciences) according to the manufacturer's instructions. To assess mitochondrial depolarization, untreated (UT) or treated MALC were dissociated and then stained with JC-1 for 15 min at 37 1C in a CO 2 incubator. Once washed and re-suspended in PBS, the loss of red fluorescence was monitored using flow cytometry.
Cytochrome c release assays
To evaluate cytochrome c release, we used anti-cytochrome c-Alexa 488 antibodies (BD Biosciences) according to the manufacturer's instructions. Treated or UT MALC were dissociated and then fixed and permeabilized with, respectively, BD Cytofix fixation buffer and BD Perm Buffer III before staining with an anti-cytochrome c antibody for 1 h at room temperature. Cytochrome c release was monitored by analyzing green fluorescence in the FL-1 channel with flow cytometry.
Mitochondrial ROS
Mitochondrial ROS were detected using a method previously published. 28 Briefly, 2 Â 10 5 cells from UT or treated MALC were stained with Mitotracker deep red and Mitotracker green (Invitrogen) at 50 nM for 30 min at 37 1C. Cells were then washed with PBS and re-suspended in cold PBS for FACS analysis.
Sub-G1 cell determination after DAPI (4,6-diamidino-2-phenylindole) staining Untreated or treated MALC were dissociated and transferred to 96-well-plates. Cells were then incubated in 70% EtOH for 30 min at 4 1C, washed twice and incubated with RNAse A at 100 mg/ml (Sigma-Aldrich) for 15 min at room temperature and then washed and incubated with DAPI (Sigma Aldrich) at 10 mg/ml for 45 min at room temperature. Cells were analyzed using flow cytometry, and cell death was estimated by the percentage of sub-G1 cells.
Statistics
Data shown represent mean±s.d. Means were compared using unpaired, two-tailed Student's t tests, and Po0.05 were considered statistically significant.
RESULTS
GA101
and RTX display comparable efficacy in a 2D RL culture model RL are FL cells carrying the t(14; 18) translocation leading to Bcl-2 overexpression. In 2D RL cultures, we previously showed that RTX induces a moderate accumulation of cells in G1 phase, growth inhibition and significant loss in clonogenic potential. 29 Here, we determined the effect of GA101 compared with RTX and showed that both antibodies decrease RL cell viability to a similar degree (Figure 1a) . By analyzing cell death using Annexin V/7AAD labeling, we observed only a slight increase in cells in early 
GA101 displays enhanced MALC growth inhibition
In order to investigate the role of spatial organization, we created the 3D MALC model using RL cells. 22 MALC grew as oblate and relatively stiff spheroids (Figure 2A) . MALC volume increased linearly with time ( Figure 2B ), whereas the number of cells increased exponentially throughout the culture ( Figure 2C) . No necrosis was observed during MALC culture ( Figure 2D) .
MALC stiffness could be due to an accumulation of extracellular matrix, as immunohistochemistry and western blotting showed the presence of fibronectin, vitronectin and laminin, similar to that observed in RL xenografts or patient biopsies (Figures 2Ea and Eb) . Collagen I was also found in MALC and FL tissues (Figure 2Ec) .
We then sought to determine the effects of RTX and GA101 in 3D RL culture. To obtain the optimal dose of each antibody, we compared doses ranging from 0.1 to 100 mg/ml. Both antibodies showed a maximal effect on MALC volume, viable cell number and cell death at 10 mg/ml. The same results were obtained with MALC made up of diffuse large B-cell lymphoma (DEAU, Supplementary Figure S1A ) and Burkitt lymphoma (Raji) (data not shown) cell lines. However, after 10 days of 3D culture 450% of Raji and DEAU cells were apoptotic under UT conditions, therefore we focused this study on MALC obtained with RL cells.
We first sought to assess TV over time following treatment with RTX, GA101 or Trastuzumab (used as negative control; data not shown). In UT cells, MALC volume increased from day 1 to day 20, Spatial organization influences response to therapy E Decaup et al maintaining the spherical structure ( Figure 2A ) and reaching 25 mm 3 ( Figure 2B ), with 1.5 million viable cells/MALC ( Figure 2C ). RTX and GA101 treatment induced potent morphological changes with a disintegration of the peripheral layer (Figure 2A ), significantly reduced MALC growth ( Figure 2B ) and significantly decreased the number of viable cells/MALC ( Figure 2C ) without modifying cell size (determined by flow cytometry, data not shown). These effects appeared significantly more pronounced in MALC treated with GA101 compared with RTX.
We further evaluated the in vivo effects of the two antibodies in a RL xenograft mouse model. As shown in Figure 2F , GA101 inhibited tumor growth more strongly in terms of TV and tumor weight compared with RTX-treated animals. No such differences in antibody activity were seen in 2D RL cultured with GA101 when compared with RTX, supporting the conclusion that the spatial organization existing in 3D culture and in vivo affects the sensitivity to antibody treatment.
GA101 induces cell death more robustly than RTX in MALC
The decrease in viable cell number in RTX or GA101-treated MALC observed in Figure 2C Spatial organization influences response to therapy E Decaup et al and G0/G1 phase check points, respectively. Both cell-cycle distribution and expression of cyclins were not affected by RTX or GA101 treatment. Moreover, the proliferation rate did not differ between UT and MAb-treated conditions (data not shown). We therefore examined whether RTX and GA101 would induce apoptotic cell death, non-apoptotic (lysosomal) cell death or senescence, as reported elsewhere. 2, 3, 12, 13, 30 We observed that both RTX and GA101 increased apoptotic cell death, with GA101 eliciting its effects earlier than RTX (Figure 3a) . Anti-CD20 MAb-induced apoptosis was also observed in MALC realized with Deau cells (Supplementary Figure S1B) . To avoid possible misinterpretation due to flow cytometry as previously described, 31 the induction of apoptotic cell death by both RTX and GA101 was confirmed by western blot analysis revealing cleavage of caspase 3 and PARP (Figure 3b) . In order to confirm the results obtained on disgregated MALC, we performed caspase 3 active staining on fixed and embedded MALC. As shown in Figure 3c , RTX and GA101 induced an increase of apoptosis compared with UT MALC. In addition, RTX and GA101 caused cytochrome c release from mitochondria (Figure 3d) , loss of DCm (Figure 3e ) and production of ROS (Figure 3f ). Apoptotic cell death induction was also confirmed in vivo from tumors isolated from GA101-and RTX-treated animals ( Figure 3g ).
In 2D RL cells treated as MAb-treated 3D cultures (that is, every 5 days), we observed a very slight induction of apoptosis in MAb-treated cells without any difference between RTX and GA101 (Supplementary Figure S2) .
Interestingly, in vitro only GA101-treated MALC exhibited an increase in lysosomal cell death and cathepsin D release (Figure 4a and Supplementary Figure S1C for Deau cells). Furthermore, a senescence phenotype was found in GA101-treated cells, as shown by an increase in C 12 FDG cleavage (Figure 4b) . A similar effect was also observed following treatment with Cisplatin and Etoposide, both classical inducers of senescence (Figure 4b) .
Altogether, these results demonstrate that both MAbs induce the same extent of apoptosis but GA101-but not RTX-induces lysosomal cell death and senescence.
GA101 induces a stronger signaling inhibition than RTX in MALC We have previously shown that RTX reduced FL survival in 2D RL culture through inhibition of the PKCx-mTOR (mammalian target of rapamycin) module without affecting PI3K/Akt. 32 Here, we observed that, unlike RTX, GA101 does decrease Akt phosphorylation, as evaluated by fluorescent cell barcoding In 3D culture, GA101 inhibited phosphorylation of Akt at both T308 and S473, Syk at Y352 and PLCg2 at Y759 as well as mTORdependant p70S6K phosphorylation at T389 (Figure 5b ). RTX reduced mTOR phosphorylation (Figure 5c ) but had no effect on the other kinases (Figure 5b ).
Together, these results demonstrate that GA101 directly inhibits cell signaling in 3D FL culture and does so more efficiently than RTX.
Both GA101 and RTX antibodies induce chemosensitization Previous studies have shown that when combined with chemotherapy both RTX and GA101 enhance efficacy or sensitize cells to cytotoxic drugs. 33, 34 Thus, we asked whether in 3D models antibodies could improve sensitivity to antitumoral drugs such as doxorubicin (anthracyclin), bendamustine (an alkylating agent) and rapamycin (an mTOR inhibitor). We treated MALC via two distinct protocols. Protocol 1 (Figure 6a ) involved adding the antibody to the drop at the beginning of MALC formation followed by treatment with the cytotoxic drugs 24 h later. In protocol 2 (Figure 6b ), established MALC were treated with antibodies (after 5 days of 3D culture) followed by addition of cytotoxic drugs 24 h later. In both protocols, we did not observe sensitization to doxorubicin or to bendamustine (data not shown). However, both antibodies sensitized the 3D-cultured cells to treatment with rapamycin ( Figure 6 ). These results show that both RTX and GA101 sensitize 3D FL cultures to rapamycin.
DISCUSSION
To develop new therapeutic strategies (that is, new anti-CD20 antibodies), we need a better understanding of the in vitro mechanisms of action of these therapies. For classical 2D NHL cell cultures, we and others have described the mechanisms that Spatial organization influences response to therapy E Decaup et al account for the direct effect of the CD20 antibodies RTX and GA101. 2, 3, 12, 13 RTX and GA101 display similar efficiencies in the follicular NHL cell line RL; however, GA101 has been reported to mediate superior effects on 2D lymphoma cell lines, such as large B-cell lymphomas, mantle cell lymphoma and chronic lymphocytic leukemia. 9, 35 The importance of tumor spatial organization is becoming increasingly apparent and can significantly affect major cellular functions such as cell proliferation, survival and intracellular signaling pathways, as described for carcinoma cell spheroids. Based on these models, we used NHL cell lines to create MALC with a technique derived from the hanging drop method. MALC mimic lymphoma spatial organization, including extracellular matrix accumulation. This model is simple, feasible, reproducible, inexpensive and offers an alternative to xenografts for testing new drugs. We observed that both RTX and GA101 displayed higher efficacy in MALC compared with 2D culture. This result was unexpected, as one could have hypothesized that the increased cellular density, higher degree of compaction and ECM accumulation would have interfered with the diffusion of the antibodies into the spheroid and their subsequent effects. It is possible that 3D FL cells are in a more sensitive state because of changes to intracellular signaling pathways as a result of mechanical stress, hypoxia or modified integrin signaling networks. Clinical observations have underlined tumor burden as potentially one of the most important factors mediating resistance to RTX. 36, 37 This was recently confirmed in a study showing that mice presenting with a low tumor burden had a significantly higher complete response rate and a significant longer survival than mice with intermediate or high tumor burden. 38 One of the reasons for this may be differences in antibody diffusion and penetration into the center of small lymph nodes versus a less efficient diffusion in cased of high tumor burden. Our model provides a powerful approach to study this phenomenon.
Here, we show that, unlike in 2D culture, RTX and GA101 induce apoptotic cell death in FL cells when organized in 3D. To avoid possible misinterpretation due to flow cytometry as previously described, 31 we confirmed cell death induction by western blot analysis of PARP and caspase 3 cleavage (on disgregated or entire MALC), determination of cytochrome c realease, DCm modification and ROS production.
Recent reports have demonstrated that, in 2D-cultured NHL cell lines, GA101 induces homotypic adhesion followed by actin reorganization, lysosomal permeabilization, cathepsin release and ROS production. Altogether, these events suggest a so-called non-apoptotic lysosomal-mediated cell death. 12, 13 In our 3D model, we detected lysosomal cell death and cathepsin D release after 20 days of GA101 treatment. This was also accompanied by senescence, a phenomenon described by Däbritz et al. 30 for RTX. Although this has never been described for GA101, it should not be surprising as senescence is an aging process involving ROS. 39 Autophagy has also been described after RTX treatment in Burkitt lymphoma cell lines. 40 However, we found no significant change in the expression of the autophagic proteins LC3II and Atg proteins following RTX or GA101 treatment using both protein micro-arrays and western blot analysis (data not shown). In terms of RTX treatment, we showed that 3D conditions enhanced RTX-induced cytotoxic effects, reflecting clinical observations. For GA101, we also observed an enhancement of cytotoxic effects in 3D-compared with 2D-cultured FL cells, perhaps a result of the combination of the three different cell death mechanisms (apoptosis, lysosomal cell death and senescence). The fact that GA101 displayed a higher efficacy than RTX is in accordance with observations from in vitro and preclinical studies 9, 12, 33 ( Figure 2F ) and may be related to its type-II-related mechanism of action resulting in, for example, homotypic adhesion and cell death. 41 GA101 could also affect cell-cell contacts supporting the 3D structure. Indeed, we used Hoechst labeling (Figure 2A ) to observe that GA101 strongly modifies the spherical organization of NHL cultured in 3D. Moreover, we cannot exclude the possibility that GA101 and RTX diffuse differently into MALC. The mechanisms of diffusion are not yet known and are currently under investigation in our laboratory.
Previous studies show that RTX and GA101 induce chemosentitization in 2D NHL cultures and xenograft FL models. 33, 34 Consistent with this, we showed that both anti-CD20 antibodies induce sensitization to rapamycin (a classical mTOR inhibitor) in 3D culture. Chemosentitization can be explained by several hypotheses. First, it may be a consequence of decreased Bcl2 expression after 10 days of antibody treatment (Supplementary Figure S3) , as Bcl2 expression has been associated with resistance to mTOR inhibitors in a preclinical model. 42 Second, antibodies could affect the 3D structure (cell-cell contacts), leading to better drug penetration. This is currently under investigation in our laboratory. Third, chemotherapeutic agents and antibodies may use the same signaling pathways (that is, ROS production, inhibition of mTOR, and so on), converging on enhanced cytotoxic effects compared with those induced by each drug as a single agent. Figure 6 . Antibodies sensitize MALC to rapamycin. MALC were treated in the drop (a) or after 5 days of culture (b) with 10 mg/ml antibodies. Twenty-four hours later, MALC were treated with 50 nM of rapamycin. Every 5 days, cells were submitted to the same treatment. Results represent the percentage of cells in sub-G1 phase as determined by flow cytometry after DAPI staining at day 20 and are the mean of six independent experiments ± s.d. Asterisk represents significant differences between UT and anti-CD20 MAb/rapamycin treatment (Po0.05); Double asterisks represents significant differences between RTX/Rapa and GA101/Rapa treatment (Po0.05).
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Altogether, this study presents strong evidence that GA101 displays enhanced efficacy compared with RTX in a 3D NHL model that mimics lymphoma cell growth in an aggregated architecture. These findings support preclinical and in vivo studies and provide a useful model for further investigation of the molecular mechanisms involved in the anti-lymphoma action of antibodies.
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